Introduction {#sec1}
============

Surface enhanced Raman spectroscopy (SERS) has been undergoing a renaissance in the past decade, on a trajectory to become the best-positioned analytical technique to posture significant impact on portable sensing. SERS, due to its distinctive attributes of rapid detection, high-sensitivity heightened with the capability of detection down to single molecule levels^[@ref1]−[@ref7]^ as well as multiplexing, all while requiring no complex sample preparation, can be easily deployed for a breadth of applications ranging from homeland security through to medical diagnostics and biochemical sensors and onto food pathogenesis. Nevertheless, in spite of the large SERS related research activity being pursued, the field still poses many challenges to be addressed due to the numerous requirements with the majority of which have to be fulfilled simultaneously for it to become a widely established sensing tool. Although any imperfections in substrates have a significant effect on the definitive response, SERS-active platforms are often plagued by irreproducibility, instability, and a lack of tunability toward specific molecules. While high-enhancement is possible with SERS-active nanoparticles (NPs), only a miniscule fraction exhibits SERS activity, which also have a high-sample variability and poor batch-to-batch reproducibility, all substantially affecting the reproducibility of the measured signal.^[@ref8]−[@ref12]^ This is exacerbated by both the use of surfactants to stabilize the NPs and the control of their shapes and aspect ratios, which in turn tend to reduce the subsequent attachment of the target analytes as well as the lack of established methods to further assemble the fabricated SERS-active NPs into distinctive "hot-spots" on macroscale ranges. Furthermore, SERS substrates with tunable localized surface plasmon resonances (LSPR) which can be easily interfaced externally (*e.g.*, in electrochemical devices) or integrated internally (*e.g.*, inside microfluidic chips) are needed to gain the required consistent tailored high enhancement, a challenging task for NPs-based SERS systems. Therefore, lithographically structured substrates exhibit a great potential to intrinsically overcome these problems for enabling consistently reproducible SERS measurements. However, despite the significant advances of patterning methods and enhanced microfabrication techniques, the vast majority of synthetic "bottom-up" and "top-down" routes to generate SERS nanostructures are still based on conventional lithographic approaches. These include for instance photolithography, electron beam lithography, and focused ion beam (FIB), which are not only time-consuming and cumbersome but also require precise integration of multistep processes,^[@ref8],[@ref10],[@ref12]−[@ref15]^ limiting the scalability of the resulting platforms, resulting in substrates that are far too expensive for practical applications. Inadequate resolution of the mold, two-dimensionality, the inevitable defects, poor mechanical stability, and pattern distortion collectively constitute the further limiting factors of micronanolithographies and other imprinting techniques. The fluctuating SERS enhancement measured across a single as well as seemingly identical substrates further exacerbate the downsides of the current fabrication processes. These limitations have driven extensive efforts to explore novel processes for the fabrication of highly ordered 3D structures with nanometer periodicities and underline the continuous, unmet need for high-throughput, reliable, and cost-effective methods to develop tunable, three-dimensional micronanoarchitectured surfaces to deliver highly reproducible, laterally and spatially consistent SERS enhancement.^[@ref16]−[@ref18]^

Here, we have developed an advanced technique of fabricating highly reproducible structures via the controllable electrofluidynamic patterning (EFDP) combined with a novel nanolithographic device to enable the needed level of control required to generate tailor-made, structured submicrometer SERS platforms ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) with fine-tuned nanoarchitectures (in contrast to the NPs) wherein uniquely, each of the individual structural units yields a high enhancement. Importantly, this is in contrast to the typically SERS active substrates, which act as collective surfaces for signal augmentation and which often encounter numerous difficulties in controlling the fabricated morphologies ranging from nano- to micrometer scale onto the overall macrosurface. We have previously demonstrated the use of the combination of the electric field and the hydrodynamics for lithography by patterning dielectric materials, conductive and crystalline materials, superapolar lotus-to-rose hierarchical nanosurfaces, with controllable alignment of the internal nanomorphologies.^[@ref19]−[@ref23]^ Building upon these principles, in this study we systematically explore the localized plasmons in different nanogeometries, delivering an intuitive guidance for appropriate nanostructure design and introducing intelligent engineering of a novel nanolithographic device, which is further exploited to fabricate and control the metallic nanomorphologies with an inherent nanoroughness for tunable surface enhanced Raman spectroscopy. Optimized EFDP further enables the controllable fabrication of the desired platforms for multiplexed SERS detection. Building upon the vibrational spectroscopy principles, intimately dependent on the interplay between the laser excitation wavelength and the structural unit shapes and dimensions, we have further carried out an in-depth characterization and optimization of the EFDP generated architectures to enable the fabrication of tailor-made SERS substrates ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Tuneability of the structural dimensions was possible via the independent control of various experimental parameters. For instance, the strength of the applied voltage (and thus, the generated electric field) allowed us to control the speed and the consistency of the patterning as well as dictate the characteristic wavelength of the instability which, in turn, determined the spacing/pitch between the fabricated pillars. The filling ratio enabled the regulation of the structures' diameters. The small gap between the electrodes was carefully adjusted via the use of (nano) spacers with various dimensions which, in turn, controlled the achievable heights of the structures. Tuning of any of these parameters allowed the fabrication of controllable diameter, height, and pitch, all dictating the optical responses of the structures. This tunability yielded the subsequent design of substrates that generate strong localized electromagnetic fields at optical wavelengths that are required for the optimum SERS excitation by different laser sources. Interestingly, depending on the EFDP generated topographic morphologies of the top structural individual unit surfaces, which varied between a nanorim, planar, or roughened top, certain topologies exhibited considerably more enhanced SERS signal, which further guided the design of the dedicated electrode for reproducible fabrication of SERS substrates with optimum performance. Subsequently, a novel apparatus for fabricating high-precision, controllable EFDP SERS-active platforms with optimal structural parameters for reproducible SERS was designed and engineered. Validation bioassay comprised of the gold coated predesigned pillar structures are further utilized for rapid detection of traumatic brain injury indicative biomarkers, demonstrating that patterned EFDP arrays can act as straightforward and cost-effective substrates for high-throughput SERS detection. Overall, EFDP-based patterning postures salient advantages over other lithographic methods, including the inherent tunability of the fabricated nanoarchitectures (via directly adjusting the various experimental parameters), straightforward single-step patterning, the speed of which can be easily controlled via the chosen material to be patterned (with the instability being directly proportional to the viscosity^[@ref21],[@ref24]^), cost-effectiveness of the fabricated substrates (made from low-cost polymers coated with a gold nanolayer), scalability, and the ease of integration within a lab-on-a-chip. These characteristics lay the basis for the design of highly reproducible SERS-active arrays with controllable localized plasmonic fields for a variety of lab-on-chip sensing devices.

![EFDP process for SERS fabrication. To commence the pattering process, (a) a thin polymer film with an initial film thickness *h* is deposited between two electrodes spaced apart by a distance *d*. Applying an external voltage, *V* and liquefying at *T* \> *T*~g~ leads to the generation of a high electric field, *E*~f~ (∼10^8^V/m) within the microcapacitor and (b) formation of an instability throughout the film with a characteristic wavelength λ, which determines the pitch between the final structures. The increasing amplitude of the film variations guides the film's redistribution, which eventually spans the gap between the two electrodes. (c) Top-view optical microscopy and (inset) scanning electron microscopy images of the EFDP generated polymer structures, which are subsequently coated with a plasmon active gold nanolayer leading to high SERS signal enhancement. (inset) Representative SERS spectra of BT on top of various topologies of the formed pillars exemplifying that the roughened center surrounded by a nanorim (top view, red) yields more than 50 times higher signal enhancement relative to the flat pillar topology.](an0c01190_0001){#fig1}

![Representative EFDP-generated topological overview. Cross-section AFM profiles, top-view OM images, SEM micrographs, and DNN images of the EFDP generated structures. Corresponding SERS enhancements are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d. (a) Pillar with *H*~rim~ = 250 nm and a nanoroughened center, EF = 9.0 × 10^6^. (b) Pillar with an equivalent nanorim of *H*~rim~ = 300 nm and a roughened center, EF = 1.1 × 10^7^. (c) Pillar with a one-sided nanorim of *H*~rim~ = 270 nm and a roughened center, EF = 8.8 × 10^6^. (d) Pillar with nanoroughness throughout and no rim, EF = 6.4 × 10^6^. (e) Smooth pillar with one-sided nanorim of *H*~rim~ = 200 nm, EF = 6.1 × 10^6^. (f) Pillar with a nanorim of *H*~rim~ = 150 nm, EF = 6.7 × 10^6^. (g) Smooth pillar top with no rim, EF = 5.8 × 10^6^. Scale bar ~SEM~: 1 μm.](an0c01190_0002){#fig2}

Results and Discussion {#sec2}
======================

The EFDP method of fabricating a platform for SERS comprises assembling a microcapacitor device with bottom and top surfaces, facing each other, used as two opposing electrodes. A thin polymer film with an initial thickness, *h* (*h* = 80--100 ± 21 nm) is deposited on a bottom electrode, and a second top planar electrode is placed at a controllable distance, *d* (*d* = 150--800 ± 53 nm), leaving a certain air gap, which can be adjusted to micronanometer levels of precision ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The layered system is therefore equivalent to a sum of two capacitors in series filled-in with polymer and air layers. Subsequently, the film is fluidified, by heating the whole microcapacitor to an elevated temperature (i.e., above the glass transition temperature, *T*~g~, of the polymer film) and in parallel applying an external voltage, *V*, which in turn generates a high electric field, *E*~f~ (∼10^8^ V/m) within the small capacitor's nanogap, *d*′ across the dielectric material. The EFDP induces and successively exploits the evolving surface instabilities to generate tunable lithographically defined structural morphologies on the bottom electrode. For the sufficiently strong *E*~f~ generated inside the microcapacitor, the destabilizing electrostatic pressure, *p*~el~ overcomes the stabilizing effects of the Laplace pressure, *p*~L~ acting at the liquid--air interface ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}), which in order to minimize the free electrostatic energy of the system acts to align the interface, separating the two media, in parallel to the *E*~f~ lines:where ε~0~ is the dielectric permittivity of the vacuum, ε~p~ is the dielectric constant of the polymer, and γ is the surface tension. Consequently, the thin polymer film adopts a profile of pillars forming on the bottom substrate that correspond to the locations of the initially induced perturbations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

Once the EFDP is complete, the electric field is maintained while the temperature is allowed to drop to below the fluidifying transition temperature, i.e., the *T*~g~ of the polymer, and the bottom substrate is released. This preserves the final structures intact and avoids fluctuations in the polymer or distortions. Subsequently, coating the EFDP generated submicron architectures with a plasmon-active gold nanolayer (25.0 ± 2.7 nm) yields effective enhancement of the local electromagnetic field ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). EFDP thus enables a single-step fabrication of submicron SERS active substrates, with each of the individual pillars yielding a considerable signal enhancement ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).^[@ref20]−[@ref22],[@ref24]^

![Tunability of structural dimensions of the metallo-dielectric EFDP fabricated SERS substrates for controllable and optimal plasmon excitations. (a) Relative SERS enhancement versus the AR identifies an optimal AR for signal enhancement in the range between 0.6 and 0.8. Wedge-geometry induced AR variation generates bands of color, due to the film thickness redistribution on top of the underlying silicon wafer, corresponding to the various aspect ratios (inset). The arrows correspond to the variation in AR and the corresponding color change across the sample. (b) Relative SERS enhancement of the benzenthiol's 1070 cm^--1^ peak with varying nanorim heights indicate an optimal range of *H*~rim~∼300 ± 37 nm. (c) Spectrally resolved reflectance spectra relative to the flat gold, *R*~0~ as a function of the ARs. An increasing AR results in an increase in the extinction (*R*/*R*~0~) due to the enhanced coupling of light into LPSRs, which are tuned by the pillar geometry. (inset) The variation of the enhancement as a function of the gap between the pillars at the excitation wavelength of 785 nm reveals another important parameter, tunability of which and its effect on strength of localized surface plasmon resonances and surface Raman enhancement allows the optimization of the fabricated substrates. (d) Characteristic Raman peaks of benzenethiol at 1000, 1070, and 1575 cm^--1^ readily detected in the spectra acquired from the EFDP SERS substrates showing the signal enhancement variation with the pillar's topological features shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.](an0c01190_0003){#fig3}

The EFDP technique allows the patterning of micron and nanostructures with a broad range of feature sizes and topological morphologies of the final structural units ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, inset and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). These can be accomplished by either alternating the termination time of the patterning process, which can lead to either conelike structures or sharp pyramids with a round base or alternatively, due to the disassembly process of the top electrode can lead to the variation in shape and roughness of the tops of the formed structures. Salinizing the top electrode prior to the onset of the patterning process renders it apolar to surfaces grafting a monolayer of octadecyltrichlorosilane between the upper and lower substrates and facilitates the smooth release of the substrates. This enables easy disassembly due to the nonsickly self-assembled nanolayer. Alternatively, it is possible to directly disassemble the microcapacitor setup without any additional salinization steps. These enable the production of a range of structures where the top surface of each pillar is either smooth, concave, roughened, or a combination of those ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Out of these, certain structural topologies were found to provide a further degree of signal enhancement on top of each pillar ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, inset). Representative EFDP micronanoarchitectures' cross-section atomic force microscopy (AFM) profiles, bright field optical microscopy (OM) top-view images, scanning electron microscopy (SEM) images, and deep neural network (DNN) images are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The DNN algorithm for image classification of the EFDP patterned structures for SERS labeling includes several stages (see [Methods](#sec4){ref-type="other"} for details): (i) data gathering, (ii) data preprocessing, (iii) data augmentation, (iv) feature extraction using a pretrained convoluted neural network, followed by (v) fine-tuning and the visualization of the activated neurons for the image classification. DNN images allow the classification of the formed pillars as a function of the enhancement and, thus, the correlation of the images with the degree of enhancement of the scattered radiation. The results from our data show that the center of the smooth pillar tops has exhibited weak activation regions for "SERS"-like features while the nanorim like edges exhibited highly activated regions indicating those being an important factor for "SERS" active DNN neurons. The various generated geometries and topologies of the pillars included the flattop with no rim, equivalent nanorim surrounding roughened or smooth centers, with various rim heights, *H*~rim~ (0 ≤ *H*~rim~ ≤ 500 nm) and one-sided nanorim. A standard analyte of benzenethiol (BT) was subsequently used to evaluate the SERS enhancement factor (EF) from each of these different patterns, acquired under identical experimental conditions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d and [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf)). Establishing optimal top feature morphologies is used in the subsequent design of the dedicated top electrode in conjunction with the controllable microlithographic EFDP apparatus.

Subsequent to identifying optimal candidate topologies for achieving increased EFs, we have investigated the impact of other structural parameters, all of which can be tuned during the EFDP process, on the resulting signal enhancement. A systematic analysis reveals that the relative signal enhancement strongly depends on the aspect ratio (AR) of the pillars, highlighting a key factor for the design of optimized EFDP-generated SERS-active substrates ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Furthermore, due to the slight misalignment of the capacitor plates in the EFDP capacitor, there is a "wedge" geometry across the substrate with a variation ranging from 100 nm to 1 μm across for a 1 cm wide sample, which subsequently leads to the lateral variation in the resultant pillar's aspect ratio. This has been exploited to our advantage to generate a breadth of pillars with varying height and diameters. In the fabricated surfaces it was found that, the ratio of the thickness of one film coating on the surface of the substrate to the diameter of the formed structure should be at least 0.6 and no more than 0.8 for the optimal SERS enhancement factor ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The height of the rim-like topology in the formed pillar was found to have an optimal range with 0.30 ≤ *H*~rim~ ≤ 0.37 μm exhibiting the highest achievable signal enhancement ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

The generated pillars of the bottom substrate, once adopted, are spaced from one another at a certain pitch distance, λ. During the EFDP, the step of adjusting the gap between the top and bottom electrodes to a micrometer level of precision and further adjusting the gap to a nanometer level of precision can be used to control the spacing between adjacent pillars. This pitch, λ, can additionally be controlled by alternating the strength of the applied electric field. The influence of the pitch on the resulting SERS signal shown in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c demonstrates that the electric field excited on the gold coated structures has a local minimum at λ = 1 μm and otherwise increases considerably at λ \> 1 μm. Furthermore, depending on the pillar's interstructural pitch, patterned arrays can exhibit SERS enhancement either on top of each individual structure ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), at their perimeter ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) or in the area between the structures ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The spacing of the pillars is thus also of an importance to the localization of the enhancement and the "correct" pitch (1.2 ≤ λ ≤ 2.5 μm) can assist in enabling each pillar to act as an individual detection center.

![Engineering the EFDP apparatus and reproducibly controllable structures. (a--c) Optical microscopy images and the overlaid Raman maps with the corresponding 2D near-field simulations of the *E*~f~ distribution (insets) of the SERS enhancement occurring (a) exclusively on top of each pillar, (b) at the perimeter of the pillar, and (c) between the pillars. Schematics (d) and AFM 3D images of the fabricated (e) top electrode with carefully designed parameters including the interelectrode spacing, AR, pitch, and the interstructural spacing of the protrusions, Λ~m~. (f) 3D schematic representation of the controllable EFDP rig. (g) Photograph of the EFDP prototype apparatus in the heating chamber. (h) OM image of pillars formed under the reproducible FEDP microlithography using planar top electrode, generating a homogeneous electric field throughout the capacitor, and (inset) pillars forming using lithographically predefined top electrode, introducing a heterogeneous electric field. AFM phase (i), with the corresponding 3D profile, and height (j) images of the high-fidelity EFDP-replicated patterns. (k) Reproducible substrates provide a highly consistent SERS signal over the entire substrate surface area. (l) Representative SERS spectrum of BT on a uniform substrate for the highlighted 1070 cm^--1^ peak, at an excitation of 785 nm laser, demonstrating reliable signal and substrate reproducibility (inset) of the SERS intensities on the EFDP generated arrays from 10 randomly selected positions on the gold-coated EFDP fabricated pillars. (m) Spike-and-recovery bioassay differentiates the characteristic peaks of biomarker in an artificial plasma with known concentrations (50 pg/mL). SERS spectra of the spiked (gray) versus normal, nonspiked (black); analyte was spiked into the test sample matrix, and its response was recovered in the assay by comparison to an identical spike in the standard diluent with 95.5 ± 3.4% recovery of the biomarker.](an0c01190_0004){#fig4}

Dependence of reflectance with the wavelength reveals increasing intensity with an increasing aspect ratio up to optimal dimensions at AR = 0.80 ± 0.12, variation that mainly arises from coupling of light into plasmon resonances, which are tuned by the pillar dimension, and therefore, the relative SERS enhancement is correlated with the increased strength of plasmonic coupling into the structure. Experimentally measured reflectance across pillars, *R*/*R*~0~ with laterally varying ARs exhibits increased extinction with an increasing aspect ratio, with a nearly 30 percent increase that occurs in extinction when the AR varies from 0.5 to 0.8 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c).

Evaluation of the SERS signal evolving from each of the representative topological morphologies in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} demonstrates variation in the enhancement factor of up to 40% between the highest and the lowest enhancing pillars. The absolute EF for the optimal pillar with an equivalent nanorim of *H*~rim~ = 300 nm and roughened center was found to be 1.1 × 10^7^ ± 1.7 × 10^6^ in contrast to the smallest enhancement achieved from the smooth pillar with no rim with an EF of 5.8 × 10^6^ ± 1.2 × 10^6^ using a 785 nm excitation laser. It is plausible that the EFDP structures with optimal enhancing AR and nanorim like topology with a nanorough center create a coupling effect combining the plasmon and whispering-gallery resonance for trapping and enhancing the signal. Such optical "nanocavities" could be confining light to smaller volumes by resonant photon circulation and thus yielding an improved SERS enhancement. For the subsequent reproducible pattern design, a pillar with an equivalent nanorim and roughened center was found to be a favorable topology with the optimal feature sizes of these pillars identified to preferably have an AR ∼0.7--0.8, rim height of 300 nm, and 1.2 ≤ λ ≤ 2.5 μm.

Establishment of the EFDP structural factors for optimal SERS enhancement has subsequently guided the fabrication of reproducible and controllable three-dimensional SERS substrates via designing and engineering a novel high-precision lithographic rig in conjunction with the dedicated top electrode. The developed microlithographic setup combines micromanipulator and piezoactuators for the finest adjustments to enable parallel capacitor-like EFDP patterning for consistent fabrication of submicron pillars ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f). It is designed to allow for several degrees of freedom of movement and well-aligned parallel positioning of the top and bottom electrodes, to yield the integrity and accuracy of the intercapacitor distance down to the submicron scale, for the fabrication of highly reproducible SERS-active substrates with the ideal structural topological morphologies, aspect ratios, and pitches. The controllable microlithographic EFDP apparatus comprises a support for a bottom substrate that has a film coating on the top surface thereof and a second one facing the bottom and supporting a second top substrate with a controllable gap between the surfaces. The base of it is made of aluminum. Extending upward from the base is a pillar comprised of a rectangular aluminum pillar screwed to the base. Attached through an opening in the base is a micrometer, which has a nonrotating head, with a copper block mounted on its spindle. A bottom substrate to be patterned is mounted on the copper block. A spring clamp (a thin beryllium copper spring clamp) is used to hold the bottom substrate in place on the copper block, also ensuring electrical connection of the bottom substrate to ground. A spar that extends from the pillar, supports a top substrate assembly suspended over the bottom substrate. At the end of the spar a block of insulating PEEK is attached and then attached to that is a copper block with a spring clamp to which the top electrode/substrate is placed. The assembly includes a support arm underneath which is mounted a piezo-actuator, an upper block, a second piezo-actuator, a lower block, and the top substrate. The top substrate is clamped to the assembly using a beryllium copper spring clamp. The beryllium copper spring clamps are thinner than the height of the silicon substrates and hold the substrates at their edges to allow a bias voltage to be applied to the top and bottom substrates. A first gap adjustment enables adjustment to a micron scale precision, via a micrometer, with the second gap adjustment provided to allow adjusting the gap to the nanometer level (via piezo actuators) of precision, yielding a significant improvement in the reproducibility and thus the enhancement factor from the surface. The gap during the patterning is monitored by measuring the current flowing between the two electrodes using a microammeter. Subsequently, a connection is provided to a source of electrical power for applying an electric field across the gap between the facing surfaces of the first and second substrates ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g). A sensor is concurrently used to sense a *finite* current flowing through the first and second substrates, and the whole apparatus is homogeneously heated to an elevated temperature to enable the thin film's fluidity. This further ensures that there is no temperature gradient around the substrates as well as allowing for more accurate control of the gap between the substrates.

While the surface of the upper electrode for the study and optimization of the EFDP structural parameters for SERS was a flat (planar) surface, in the reproducible microlithographic setup, the surface of the top electrode comprises a dedicated, carefully designed templated pattern of structures that protrude toward the surface of the bottom substrate. We have established that the highest EF of gold covered SERS active pillars is achieved when the color of the pillars is blue or green, corresponding to a pillar aspect ratio of 0.7--0.8, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, inset. The design and fabrication of the dedicated top electrode's structures was thus dictated by the established optimal parameters of the EFDP yielding the formation of high fidelity positive replicas of the imposed morphology and fabrication of the structures in a more controllable and repeatable manner ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d,e). The master electrode is of a high structural integrity and durability and can be used to consistently produce structures of interest from low-cost materials using the EFDP to guide the pattern formation and, therefore, enabling high-reproducibility, cost-efficiency, and scalability of the generated nanosurfaces, rendering this technique even more technologically appealing. The uniquely designed top electrode does not only comprise the ultimate dimensions for high enhancement but also enables the creation of rimmed nanocavities and is comprised of downward protruding pillars with AR of 0.8, pitch of 1.2 μm, and *H*~rim~ = 300 nm nanorim on their perimeter ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). Assembling this top electrode within the microlithographic EFDP apparatus ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g) and applying a voltage across the two plates yields the generation of a heterogeneous electric field. In this case, the liquefied polymer film is drawn toward the protrusions of the top electrode, where the electrostatic pressure is the highest and the destabilization process is the fastest, faithfully reproducing the imposed patterns as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}h--j. Guiding the uniform structures fabrication, the setup ensures that the protrusions match each other and the height of a given pillar substantially matches the height of another pillar. The AFM images show the reproducibly fabricated morphologies comprised of pillars with the optimized dimensions and topology spanning SERS substrate areas of 200 × 200 μm^2^ with high fidelity patterns. Upon examining 10 arbitrary capacities across each substrate with the monolayer of BT as the SERS probe, the EFDP fabricated SERS surfaces exhibited reliable signal intensities and substrate reproducibilities. A repeatable SERS response was obtained from the pillars with average standard deviation of less than 3.0% in the framework of one sample ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}I, inset and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf)) and between the different samples (height of the bars in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}I, inset and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf)) for the 1070 cm^--1^ Raman peak comparable to the state-of-the-art SERS substrates.^[@ref25],[@ref26]^ Uniform SERS signal was also obtained across several substrates with the EF values being narrowly distributed around the average of 1.1 × 10^7^ ± 4.3 × 10^5^ ([Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf)). For the 0.95 confidence interval data it is therefore, expected that the difference in EF as measured between the different areas to lie between (9.4 × 10^6^, 1.1 × 10^7^) for 95% of the future measurements. The experimentally calculated reproducibility coefficient indicates that the absolute difference between any three subsequent EF obtained on a particular substrate are estimated to be no greater than 8.55% on 95% of occasions. The wavelengths of the LSPR and the strength of the electric field are highly sensitive to the dimensions (*e.g.*, AR, diameter, pitch), the shape (the inherent nanoroughness in the central parts of the structures enclosed by the surrounding nanorim), and coupling modes of the nanostructures. The controlled pitch combined with the consistent nanorim topology ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf)) renders the adjacent pillars not plasmonically coupled to each other, generating a strong localization on top of the structures (with the optical enhancement on the surface mainly due to red-shifted apex plasmons) and consequently, high fields and SERS enhancements, which arise almost exclusively from a single structure. The EF and sensitivity achieved with these nanomorphologies is of a similar magnitude to both the commercially available as well as the various SERS substrates demonstrated in the literature while exhibiting an improved signal reproducibility and stability.^[@ref16],[@ref17],[@ref27]−[@ref40]^ EFDP-SERS substrates retain their structural integrity over the period of several months with no agglomeration or pattern distortion discovered. The substrates show excellent stability throughout the spectral collection period of 3 months with an average relative standard deviation of 3.9% ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf)).

To demonstrate the diagnostic potential of the developed EFDP SERS active substrates, we have assembled a proof-of-concept spike-and-recovery assay comprised of *N*-acetylaspartate spiked artificial blood plasma deposited on the fabricated substrates at a concentration of 50 picograms per milliliter. *N*-Acetylaspartate is a biomarker indicative of acute, early stage traumatic brain injury and is exclusively localized in neurons, reflecting their functional status (as well as of axons) in the brain.^[@ref41]−[@ref43]^ It is considered a marker for neuronal health and viability, highly specific to the central nervous system, not released by other organs and thus, is a very sensitive measure of neuronal compromise. This biomarker is thus of importance for development of early stage triaging point-of-care diagnostic technologies for traumatic brain injuries. The EFDP-SERS substrates were used to establish the specific fingerprint spectra ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}m and [Figures S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf)) and to quantitatively determine the lowest detectable concentration of the target biomarker. The characteristic peaks of the analytes were monitored and a linear trend was observed with a good correlation (*R*^2^ = 0.9910) between biomarker concentrations (100 nM to 1 pM) and SERS intensity ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf)). No signal enhancement was observed on the flat parts on the substrate between the pillars ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, inset and [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf)). SERS spectra for detection of the *N*-acetylaspartate show successful differentiation of the biomarker's fingerprints,^[@ref42][@ref44]^ spiked at known concentrations ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}m) in the artificial plasma (top) versus the control sample (bottom), indicating the potential for detection and differentiation from clinical blood and plasma samples for future development of biodiagnostic SERS assays.

Conclusions {#sec3}
===========

We have demonstrated a tailored approach for the manufacture of surface enhanced Raman scattering active nanoarchitectures via the EFDP lithography. The plasmon dependent phenomena of the fabricated substrates can be straightforwardly adjusted via the lithographic key-factors, allowing the development of reliably engineered and cost-effective substrates with reproducible and high SERS enhancement. SERS signal enhancement of these substrates is governed by not only the pillar's nanotopology but also by the dimensions of the fabricated structures, parametrized by the ratio of the height to diameter as well as the interstructural pitch. The controllable aspect ratio via the EFDP and its effect on strength of the enhancement factor thus further enables the possibility of fine-tuning the substrates responses for different laser excitation wavelengths. The ability to carefully design and fabricate highly reproducible optimized SERS active nanoarrays enables the control of localized plasmonic fields, laying a platform for developing portable lab-on-chip devices and sensors to detect and analyze a variety of biochemicals ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf)) pertinent for medical, environmental, and forensic applications. Intriguingly, due to the individually enhancing optimized structural units, each topological structure in the array could further be functionalized with specific receptors for a range target molecules for rapid, multiplexed, highly specific and sensitive detection. These will be, in turn, useful for the development of rapid-response, addressable miniaturized sensors, which are selective for targeted chemical and biological molecules.

Methods {#sec4}
=======

Materials {#sec4.1}
---------

Polystyrene (PS, *M*~w~ 100 kg/mol, *M*~w~/*M*~n~ \< 1.07) was used as a polymer for the patterning (purchased from Polymer Standards Service GmbH) and toluene was used as a main solvent in this process (Fisher Scientific). Highly polished *p*-doped silicon (Si) wafers with ⟨100⟩ crystal orientation (Wafernet, GMBH, Eching, Germany) were used during the EFDP as bottom electrodes (*X-lith eXtreme* Lithography). 3 wt/wt % PS solutions were filtered through a Teflon filter with a pore diameter of 100 nm. BT (Analytical Standard, Sigma-Aldrich) was used without further purification. Silver paint (Electrodag 1415M) used to contact the electrodes. Standard biomarkers (S one-hundred calcium-binding protein B and *N*-acetyl aspartate) for individual fingerprint signature studies were acquired from the Human ELISA Kit (Abnova) and Sigma-Aldrich (Saint Louis, MO). The 99.999% purity gold target for sputtering was purchased from Kurt J. Lesker.

EFDP SERS Substrates Fabrication {#sec4.2}
--------------------------------

PS was used as the polymer for thin film deposition and patterning during the EFDP, and highly polished p-doped silicon wafers were used as bottom and top electrodes in the capacitor setup. Silicon wafers were thoroughly cleaned in a "piranha" solution consisting of sulfuric acid and hydrogen peroxide (3:1, accordingly) followed by rinsing with deionized water and drying under nitrogen flow. An initial solution of PS in toluene 3% w/w was subsequently spin-coated onto the freshly cleaned 1.0 × 1.0 cm^2^ silicon electrodes and these were then electrically connected to the external voltage supply and homogeneously heated to 175 °C. The whole EFDP patterning rig was enclosed inside a high-precision performance convection oven ensuring optimal temperature uniformity throughout the chamber. The temperature in the oven was thermostatically controlled (a thermometer was placed in an oven which was set at the desired operating temperature. The temperature reading of the thermometer was compared to the oven thermostat reading). Furthermore, a sensor was concurrently used to sense a *finite* current flowing through the first and second substrates and the whole apparatus was homogeneously heated to an elevated temperature to enable the thin film's fluidity. This has ensured that there was no temperature gradient around the substrates. Once the EFDP process has been completed, the capacitor setup was cooled down to room temperature to quench the formed structures and the external voltage supply was disconnected. To facilitate the smooth release of the patterned surfaces, the substrate was grafted with an octadecyltrichlorosilane self-assembled monolayer. The patterned substrates were finally coated with a gold nanolayer with an average thickness of 25.0 ± 2.7 nm (Emitech sputter-coater) using a DC argon plasma and a gold target. The gold deposition was performed onto all of the EFDP-generated substrates as well as the polymer film as reference. Subsequently, benzenethiol monolayer was assembled on the gold-coated surfaces from ethanolic solution at varying concentrations.

Fabrication of Top Electrode {#sec4.3}
----------------------------

Focused ion beam (FIB) process was used to fabricate the dedicated EFDP electrode. For this purpose, initially silicon wafers were cleaved and then cleaned using a carbon dioxide spray system. Subsequently, the electrode was produced using an FEI Helios Nanolab 650 dual beam scanning microscope, equipped with an electron beam for imaging and a separate beam of gallium ions at 52° to the electron beam. The gallium ions are accelerated up to 30 kV to provide them with a high energy and the generated beam of ions is focused to a spot by several electrostatic lenses and then scanned over the object by scan plates. The gallium ion beam was used to sputter away material to create the required patterns. The associated patterning system of the Helious (Nanobuilder) was further employed by using a bitmap image to control the ion beam to recreate the pattern from the designed image. Nanobuilder was subsequently used to shift the stage and repeat the process to create large patterned areas.

Raman Spectroscopy Measurements {#sec4.4}
-------------------------------

SERS measurements were carried out using InVia Qontor spectrometer confocal Raman (Renishaw) equipped with 785 nm excitation laser, which was adjusted for optimal throughput, fluorescence control, and sensitivity. The spectra were typically acquired at 10 s exposure time and a laser power of 1--10 mW with a 785 nm laser to avoid photochemical effects in the SERS spectra, sample damage, or degradation. The equation of the linear fit obtained from the dilution studies quantitatively calculating the limit of detection as 3 times the standard deviation of the blank, derived from the gradient of the straight line, where σ is the standard deviation of the response and *S* is the slope of the calibration curve. SERS maps were generated in a Stream-line mode scan with an exposure time of 10 s and power of 5 mW at 785 nm. A 50× objective with a numerical aperture of 0.75 was used for SERS measurements over a range of 500 to 2500 cm^--1^ relative to the excitation Raman shift. Optical measurements were carried out with a specially adapted research grade microscope (Leica DM 2700M) equipped with an incoherent white light source, allowing confocal measurements with 2.0 μm depth resolution. The spectra were normalized with respect to those recorded on flat gold or gold-covered flat polymer film surfaces. An intelligent-fitting filter was applied for baseline subtraction.

Calculation of the SERS EF {#sec4.5}
--------------------------

Numerical modeling was carried out using a finite element solver COMSOL v4.3. The enhancement factor calculation is reproduced from ref ([@ref42]). In brief, SERS enhancement factor was calculated by comparing the intensities of the unenhanced Raman scattering peak (*I*~Raman~) at 1 070 cm^--1^ of pure BT obtained by focusing the laser into a quartz cell and the corresponding SERS signals (*I*~SERS~) obtained from the SERS substrates. The detection volume of the solution-phase benzenethiol sample, *V*~f~, was calculated using the following relation: *V*~f~ = (depth of focus) × (focus area) = (1.4*n*λ/NA^2^) × π(0.4λ/2NA)^2^. The surface density of the adsorbed BT molecules on the structured surface was taken as ρ~s~ = 3.3 molecules/nm^2^, and the enhanced area, *A*, was defined as the diffraction limited spot size (π(0.4λ/2NA)^2^), with NA, numerical aperture; *n*, refractive index; λ, wavelength; ρ~v~, surface density of molecules in the detection volume. The EF was calculated using the relation: EF = \[*I*~SERS~/(ρ~s~*A*)\]/\[*I*~Raman~/(ρ~v~*V*~f~).

Atomic Force Microscopy {#sec4.6}
-----------------------

A JPK NanoWizard II atomic force microscope was used to thoroughly characterize the surfaces' topography. The AFM measurements were performed using tapping mode via an intermittent contact of the tip with the sample in ambient conditions. NCHV-A cantilevers with a resonance frequency of 320 kHz and stiffness of 42 N m^--1^ were used. Height and phase images were analyzed with Gwyddion's software (version 2.55). The AFM measurements were used to acquire important parameters including the film thickness *h*, the interelectrode spacing *d*, the characteristic pitch λ, and the AR of the generated structures. A total of 13 areas of 50 × 50 μm^2^ were scanned throughout each sample. The area was chosen according to the different colored regions of the EFDP samples. The heights ranging from 200 to 700 nm spanned a lateral distance of approximately 700 μm. Each scan was performed at 1024 × 1024 pixel quality at approximately 3 s/line raster rate, for a total of 1 h/region. The set point was adjusted for each region to compensate for the pillar height changes while the rest of the structural parameters were kept constant. Ten pillars were chosen per scanning region, totalling in 130 pillars characterized. The pillars were chosen as representative examples of the different topologies obtained during the EFDP lithography.

Optical Microscopy {#sec4.7}
------------------

For the concurrent tracking of the AFM images, a corresponding optical microscopic image of the pillars was also acquired. These optical images guided the navigation of the AFM measurements between different regions (Leica DM2700 M). Pattern formation in thin polymer films was qualitatively analyzed using bright-field reflection microscopy (Olympus Optical Microscopes GX61, GX2, and BX40). The reflection of white light from the sample enabled resolving the submicron-scale features. The evolving patterns were also observed by *in situ* monitoring of the EFDP pattern formation and replication in thin films using a digital camera and imaging software (Carl-Zeiss VisioCam, AxioVision).

Scanning Electron Microscopy {#sec4.8}
----------------------------

Samples for SEM imaging were prepared by placing a postexperiment, disassembled substrate with the generated patterns on an inclined or cross-sectional holder to enable the imaging of the top and cross-sectional views. Scanning electron micrographs were acquired using a thermally assisted field emission source scanning electron microscope (FEI helios dual beam) with a lateral resolution of 2--5 nm with a typical acceleration voltage of 1--10 kV.

Deep Neural Network Image Analysis {#sec4.9}
----------------------------------

For the data gathering stage, the studied individual pillars were in the range of heights varying between 200 and 700 nm and diameters of 0.5--5 μm. All the images were acquired as a top view and height differences are given by a different intensity level on the grayscale. The ability of the pillar to enhance the signal was either labeled as "No enhancement", meaning there is no or negligible Raman signal enhancement on the pillar and as "SERS" where there is a noticeable signal enhancement from the pillar. Each of the chosen pillars was then characterized via the AFM and the corresponding surface profiles were also obtained. These constitute the initial data set for the DNN. The subsequent step of the data preprocessing included ensuring that all the images are on the identical grayscale and same pixel size. For the data augmentation, the data set was increased by conducting rotations and inversions of the acquired images while keeping the labels fixed. This is possible due to the fact that the Raman measurements are the same for the pillar independent of the rotation. Following the data augmentation, a complete training data set is generated. In the next step, a VGG16 pretrained convnet was used, which was later modified with a fully connected classifier by changing the output layer to "SERS" and "No enhancement" and subsequently, the last block of neuron layers prior to the classification was fine-tuned. After training the modified model with the data set, it was tested with the data set, where the testing data included pillar images that were never "seen" by the model. This information identifies the features that are most important for the SERS-active pillar via the class activation map (CAM) by producing a heat map image of the neuron activation over the input test image for a specific label, which results in how intensely the input image activates a given label. The overlaid heat map has consequently a high activity on features of the input image that are "SERS"-like features.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsanm.0c01190](https://pubs.acs.org/doi/10.1021/acsanm.0c01190?goto=supporting-info).Characterization of the reproducibility of the EFDP substrates and EFs, stability analysis, characteristic fingerprint SERS spectra with a barcode of peaks of the studied biomarkers, and quantitative detection analysis via EFDP-SERS ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01190/suppl_file/an0c01190_si_001.pdf))
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